Perceived waiting time at signalized intersections differs from the real value, and varies with signal design. The onerousness of delay depends on the conditions under which it is experienced. Using weighted travel time time may contribute to optimal signal control if its use can improve upon assuming that all time is weighted equally by users. This research explores the perception of waiting time at signalized intersections based on the results of an online survey, which directly collected the perceived waiting time and the user ratings of the signal designs of each intersection on an arterial including 3 intersections. Statistically analyzing the survey data suggests the perception of waiting time is a function of the real time; and a quadratic model better can describes relationship. The survey also indicates that there exists a tradeoff between the total waiting time and the individual waiting time of each intersection. It turns out that drivers prefer to split the total waiting time at different intersections at the price of a longer total wait if the difference of the total waiting time of two signal designs is within 30 seconds. The survey data shows that the perceived waiting time, instead of the real waiting time, better explains how users will rate the individual signal designs for both intersections and arterials including multiple intersections.
Introduction
Traditionally, traffic engineers operate signalized intersections to satisfy engineering efficiency objectives. Generally, they minimize the total travel time (delay), subject to maximum wait time constraints, a strategy that benefits the major streets at the price of the deterioration of minor approaches. This policy may leave a vehicle on the minor street stopped and waiting for over 2 or 3 minutes. Due to such excessive waiting time, drivers may come to believe that a signal is dysfunctional, leading to violation of signal control. For this reason, many intersections have a fixed cycle length, but that may not be optimal. There are many optimization methods which try to improve the satisfaction of users but all of them assume that waiting time is absolutely equal over all conditions. Intuitively, the value of travel time is not a constant for all situations. It varies for each trip, and more generally due to different trip purposes, trip distance, traffic modes and departure time as well as by individual associated with characteristics like income, sex and personality. Most importantly, the signal control has significant impact on the perceived travel time. Specifically, people might be more willing to accept a longer total waiting time on both major and minor streets; but less willing to wait on one street for a very long time, even if total waiting time has decreased. In other words, the perception of waiting time on arterials has been changed due to signal design.
To best satisfy users, signal design would be based on drivers' perception, instead of the real travel time value. However, it is such an extremely difficult problem on which no current literature can be found. Researchers have begun to pay attention to the perception of travel time on ramps and freeway (Levinson et al. 2004) , but no similar studies have been done on signalized intersections. This paper reports on a study to explore the perceived waiting time at signalized intersections. Several questions are answered in this study including: 1) what is the potential relationship between the perceived waiting time and the real waiting time; 2) what is the tradeoff between the overall waiting time and individual waiting time at each intersection; and 3) what better explains user preference, perceived waiting or real one. The rough answers are given in this study based on statistically analyzing the results of an online, virtual experience stated preference survey on perception of waiting for the signal control. The paper is organized as following. The background of perception of travel time is presented in Section 2; followed by a survey description. The results are analyzed in Section 4. Finally the conclusions and future research are in Section 5.
Background
The variable perception of waiting time has been observed in psychology. Loehlin (1959) mentioned that "time in idleness, particularly waiting in idleness, is perceived as longer than the real time". The psychological reason is that after waiting for a certain amount of time, "anxiety and stress start to build up in an individual, due both to the sense of waste and the uncertainty involved in a waiting situation" (Osuna, 1985) . It is a so-called psychological cost. Each individual has an expectation of a subjective cost (disutility) for waiting. The loss of this anticipation is "anxiety provoking and as such can be considered as an agent for psychological stress (Cofer & Appley, 1964) . So, the intensity and duration of exposure to this situation will be "responsible for the psychological stress and its resulting effects of anxiety and uneasiness on the individual" (Osuna, 1985) . It is intuitive that psychological stress, or cost, will accumulate during the waiting process. Theoretically, Osuna (1985) found that "stress intensity increases during the waiting process, and consequently that the psychological cost of waiting is a marginal increasing function of waiting time" using general probabilities theories.
Economically, travel time has value. Becker's time allocation theory (1965) postulates that individual satisfaction came form the "final commodities" that use market goods and time as inputs, instead of goods consumed directly. This theory introduced a time constraint in addition to the usual income constraint. According to Becker, time could be converted into money by assigning less time to consumption and more time to work. Later, Johnson (1966) , Oort (1969) and Evans (1972) pointed out that time has a single value for all activities given by the wage rate plus the money value of work. This explained that why some activities are assigned more time than wanted. DeSerpa (1971) first proposed a utility function to search a set of minimum time requirements for each activity explicitly. In this model, the level of utility depends on the consumption of all goods and on the time assigned to all activities (Jara- Diaz & Guevara, 2003) . Based on DeSerpa's model, it can simply derive that "the value of a reduction of the minimum necessary travel time is equal to the value of leisure minus the money value of travel time in utility function" (Machie et al., 2000) . Therefore because the reduction in travel time itself has a direct effect, an exogenous reduction in travel time changes the utility.
One interesting application is to evaluate the value of time in transportation. Bruzelius (1979) who demonstrated that people value saving in waiting time much higher (about three times) than in-vehicle travel time. Recently, Levinson et al. (2004; 2006) explored the waiting tolerance between ramp stop delay and freeway congestion delay. In that study, the stated-preference data were collected by asking drivers to rate and rank four choice conditions with varying ramp meter wait times. Two survey methods are used. One uses a traditional computer administered stated preference (CASP) questionnaire and the other uses driving simulator to collect virtual experience stated preference (VESP) survey data. Using rank-order Logit model, however, two totally different results have generated. The traditional computer-assisted SP data suggested that ramp delay is 1.6 to 1.7 times more onerous than delay on freeways, while the virtual experience SP data suggested that freeway delay is more onerous than ramp delay (Levinson et al. 2004) and applied a binary logit model to statistically analyze the results. Several reasons are provided in this research to explain why the results of two surveys are significantly different. Using the same database estimated the subjective value of travel time on freeways and ramp meters using utility function based on the computer administered stated preference (CASP) survey data. This research indicated that drivers perceive ramp wait as more onerous than freeway travel. A possible approach which aims to minimize total perceived travel time instead of total system delay is suggested by the authors to deal with the problem of variation of the subjective value of travel time, which can be employed in ramp control .
This suggests there is valuable research to be done to evaluate the variable perception of waiting time on major and minor streets of signalized intersections. This paper aims to address this issue based on an online survey using virtual experience stated preference.
Online Survey
To obtain information about perceived waiting time, surveys are required, as this cannot be directly measured. Finding a real-world circumstance to conduct such an experiment is difficult because of variability of conditions and the difficulty of having to stop drivers immediately to garner perceptions, or expensive and less realistic if one were to put a surveyor in the car with the driver. A virtual experience stated preference, putting drivers in the driver seat of a virtual car, has advantages in this regard, as the situation can be highly controlled. Some virtual environments are more expensive than others, to keep costs low, here the driving environment is a simulated movie from the driver's perspective presented on a computer screen. While this is not ideal, much more expensive driving simulators also pose difficulties (Levinson et al. 2004) .
In this survey four scenarios are designed (Table 1) . These four scenarios represent exactly the same physical environmental: an arterial including three intersections and two links. The traffic conditions are assumed free-flow between intersections, and drivers will accelerate to free-flow conditions from a stop, and decelerate before a stop. The wait times at red lights are as shown in Table 1 . The route of the subject's virtual vehicle is pre-designed. The vehicle starts from intersection I from a minor street, turns right (no turn on red is designed in the study) and then continues on that road passing two intersections on the major streets (Figure 1 ). Vehicles may stop before Intersection I, II and/or III depending on the scenario. The travel situations are vividly presented by several 3D traffic simulation videos which are generated by AIMSUN, a commercial traffic micro-simulator (Figure 2 ).
The four scenarios are specifically designed to explore the tradeoff between different signal settings. As indicated on the left side of Table 1 , the total waiting time of these scenarios varies from 120 to 150 seconds. Scenario 1 has the shortest total waiting time but requires drivers to stop as long as 120 seconds at the first intersection. The other scenarios have longer total waiting times but relative shorter waiting time at each intersection. The tradeoff is made for users to either wait an two minutes at one intersection to reduce total time by 10 or 20 seconds; or sacrifice about 20 seconds to get relative shorter waiting time at subsequent intersections. About 76 undergraduate students in CE3201: Introduction to Transportation Engineering, were invited to do the survey; and 65 students participated in this survey. CE3201 is generally the first or second engineering course students take, most have not formed professional opinions on perceived travel time (which is not covered in the class) or signal design, which had not been taught yet, and we believe perceive the world much as other young drivers. The survey also collected the demographic information including gender, age, education, etc. The participants are asked to rate the overall signal system for the entire route. The rating varies from 0 to 9 with 0 the worst and 9 the best. In addition, in order to directly get the perception of waiting time of each intersection, the participants are required to estimate the waiting time for each intersection after they watched the video and evaluate this specific intersection signal setting based on their satisfaction (Figure 3) . As we are evaluating the waiting time, participants may be required to watch the video with largely unchanged scenes for a long time (for example, 2 minutes for Scenario 1) (though there is traffic that users can detect passing across the intersection ahead of them); and each scenario has the same background. To avoid order and fatigue effects, only 2 scenarios, which are randomly selected, are presented in the survey to each subject in order to improve the reliability of the survey data.
Data Analysis and Hypotheses Testing

Perceived Waiting Time
The survey directly provides the perceived waiting time and real waiting time. The comparison is presented in Figure 4 . As indicated in the figure, the perceived waiting time varies widely around the real waiting time. The average perceived waiting time is lower than the true value, but the variance is increasing with the true value of waiting time ( Figure 5) . From the figure, we can see that if the waiting time is small (less than 100 seconds), drivers tend to underestimate it; however, this estimate is close to the real value when the waiting time is 120 seconds. Extrapolating the curve in Figure 5 (top), we anticipate the average perceived time would be larger than the true time if this value is larger. Actually, the increase of variance also indicates this point. As shown in Figure 4 , when the waiting is 120 seconds, a large share of participants perceived their waiting time as much longer than the true value.
The common argument about perceived travel time is that the perceived value is a nonlinear function of real travel. Two simple models are proposed to test this assumption: The model summary and ANOVA are presented in Figure 6 . Although two models are significant at 95% confidence interval, Model 2 has a slightly better fit than Model 1 as seen by comparing adjusted R 2 values. 
Tradeoff
We hypothesize that there is a trade-off between satisfaction at a single intersection and satisfaction along an arterial. In other words, people may prefer a little longer overall waiting time instead of a shorter one with extremely long waiting time at one intersection. Since no related literature can be found to deal this problem, the most of important objective of this survey is to explore whether this tradeoff exists. As the survey also requires the participants to evaluate each signal strategy described in Table 1 , the ratings are used to test the whether Scenario 1 is significantly worse than the others; since the first one has shortest total wait but an extremely long wait at the first intersection and the other three have longer total waiting time but the time has been assigned to three intersections.
The mean, std. deviation and std. error are presented on the right side of Table 1 . Simply comparing the mean values, it is clear that Scenario 1 is worse than the other three as it has the lowest average rating despite also having the lowest overall travel time; and Scenario 3 has the highest rate. More rigorous t-statistic tests are applied to test the significance of the following 3 hypotheses: Scenario 1 has no significant difference with Scenario 2 The testing results presented in Table 2 indicate that hypotheses 1 and 2 can be significantly rejected as their t values are larger than 2. This means that instead of waiting for an extremely long time (120 sec) at one intersection, drivers prefer to wait at several intersections with a shorter time even if the overall time is longer. From the point of perceived waiting time, the testing results indicate that although the real total waiting is shorter for Scenario 1 than Scenarios 2 and 3, the perceived waiting time of Scenario 1 is significantly longer than other two.
However, hypothesis 3 cannot be significantly rejected, which means that Scenario 1 is not significantly worse than Scenario 4. This helps pinpoint the tradeoff threshold; because the difference of the total waiting time of Scenario 1 and Scenario 4 is as high as 30 seconds, 25% of the total waiting time of Scenario 1. This huge gap has been considered when people evaluate these two scenarios. This result also indicates the rough bound of the tradeoff. If the difference between two signal designs in terms of total waiting time is less than 30 seconds, 95% drivers prefer to split the total waiting time to different intersections although the overall waiting time is longer; however, if the difference is larger than 30 seconds, different drivers may make different decisions for other reasons.
This finding is very important for signal design. Much current practice aims to minimize the total travel time subject to constraints. This may not be a "real" optimum because this kind of design intends to sacrifice the travel time on the minor streets in order to achieve a minimum total waiting time of the whole system. The extremely long waiting time on the minor street significantly decreases user satisfaction, so from the perspective of overall perceived waiting time, the signal is not optimal.
A Model of Rating
The above testing results imply that perceived waiting time, instead of real waiting time, would more accurately reflect user satisfaction for a single design. User ratings are used here to fit Ordinary Least Squares regression models to compare. As the participants in this survey are not only asked to evaluate the whole signal design for the arterial, but also to evaluate the signal setting of each intersection in order to find which intersection is the crucial one that impacts the user's satisfaction. These ratings (both the ratings for the arterial and for each intersection) are used to build two sets of models. The first one is at the individual intersection level, which utilizes the ratings of each intersection to build a model to describe the relationship between the user satisfaction (i.e. the ratings) and the perceived waiting time or real waiting time; the second is at arterial level, which uses the ratings for the arterial to build a model to describe the relationship between the satisfaction and the perceived waiting time and the real waiting time.
Individual Intersection Level
Two Ordinary Least Squares regression models, one is based on the real waiting time and the other is based on the perceived waiting time, are fit here to verify which one is better. These ratings of individual intersection signal design are utilized here. In order to distinguish the impact of different intersections, two dummy variables are added.
Only nonlinear models are considered to get a better fit. Here, we did not consider impact of the socio-demographic and personality variables because the participants are all students so their socio-demographic and personality characteristics have no significant difference. The model regression results are presented in Table 3 . Simply comparing the R 2 , the results show that model 4 fits better, indicating perceived time affects user quality ratings more than the actual time.
Arterial Level
The participants are also required to rate the whole arterial design. Two nonlinear regression models are proposed here to verify whether real waiting time or perceived waiting better estimate arterial rating. The model regression results are presented in Table 5 . The combination of real waiting time (Model 5) is not able to fit the regression model, the correlation between variables in the experimental design require us to drop some of the independent variables from the equation. Model 5 is not significant and the R 2 is quite small.
Model 6, using perceived waiting time, is more significant.
Conclusions
Perceived waiting time at signalized intersections differs from real waiting time and is significantly affected by signal design. We hope that in the future, signal design will consider user perception. This research aims to answer some related questions about perceived waiting time based on the preliminary results of Virtual Experience Stated Preference, which directly collected the perceived waiting time and the user ratings of the signal design of three intersections and the arterial which contains them. Statistically analyzing the survey data implies that the perception of waiting time is a function of the real time; and a quadratic model better describes this relationship. This survey also indicates that there exists a tradeoff between the total waiting time and the individual waiting time before each intersection. It turns out that drivers prefer not to spend all of their time at one intersection, especially if it is a long wait, people like to feel as if they are making progress. Moreover, the survey data shows that the perceived waiting time, instead of the real waiting time, better explains user rankings.
These conclusions are based on a preliminary study. The robustness of these findings needs to be further demonstrated using larger and more general population samples and multiple methodologies. In addition, the survey is based on a traffic simulation. How accurately the scenarios posed here represent real conditions remains to be verified. These questions are left for future research.
